Recently, the International Agency for Research on Cancer (IARC) has classified outdoor air pollution and the particulate matter component of outdoor air pollution as class I carcinogen. Air pollution is consistently associated with lung cancer in epidemiologic and experimental studies. The IARC assessment is specifically designed as hazard identification, and it does not quantify the magnitude of the cancer risk.
The relative risks (RRs) from ambient air pollution are much smaller than those from active smoking; however, air pollution affects the entire population. Reduction of fine particulate (PM 2.5 , i.e., the mass of particles smaller than 2.5 μm) air pollution concentrations will result in substantial reduction of lung cancer cases in the population. The magnitude of the population attributable risk fraction (PAF) is uncertain because of uncertainties in the magnitude of RRs, shape of the concentration-response function, especially at high PM 2.5 concentrations, and particle composition. New epidemiologic studies, especially in high pollution settings, are therefore very useful. To fully assess the cancer burden of exposure to ambient air pollution, other cancer sites should be investigated.
Background
Cancer is a growing global public health problem, and modifiable environmental and life style factors play important roles in various cancers [1] . An association between outdoor air pollution and lung cancer has been suspected for more than a half century [2] . Early studies used ecologic designs to compare the incidence of lung cancer, e.g., in rural versus urban areas, without individual data on confounders such as smoking. Since the early 1990's, well-designed, prospective cohort and case-control studies with detailed, individuallevel information on important confounders such as smoking have documented associations between ambient air pollution and lung cancer incidence or mortality [3] . Recently, the International Agency for Research on Cancer (IARC) has classified outdoor air pollution as a class I carcinogen [4] . This assessment was based upon sufficient evidence for carcinogenicity of outdoor air pollution in human and animal studies and strong mechanistic support [4] ; however, the evidence was considered sufficient for lung cancer, but not for other cancer sites. The IARC further classified particulate matter (PM) in outdoor air as a class I carcinogen based mainly upon consistent evidence for an association between the long-term average concentration of PM 2.5 in outdoor air and lung cancer incidence or mortality. In the IARC assessment, it was specifically stated that the assignment of particles as a human carcinogen does not imply that gaseous pollutants may not have an additional effect on cancer.
The IARC assessment is specifically designed as hazard identification, and it does not quantify the magnitude of the cancer risk. This article addresses the magnitude of the lung cancer risk related to ambient air pollution exposure. Assessments of the impact of ambient air pollution on lung cancer incidence and mortality in populations [5, 6] have often been based upon the large American Cancer Society (ACS) study [7] . In the ACS study, significant associations between long-term exposure to PM 2.5 and all-cause, cardiovascular, and lung cancer mortalities were reported [7] . Since the publication of the ACS study, more large, prospective cohort studies have been published [8] . We will especially discuss a recently published study on 17 European cohorts [9] . In this European Study on Cohorts for Air Pollution Effects (ESCAPE), we reported significant associations between long-term exposure to PM air pollution and lung cancer incidence in over 300,000 European subjects [9] . The discussion will draw on the international literature because other papers in this special issue of the Chinese Journal of Cancer focus more specifically on Chinese studies. Using the RR estimates from different epidemiologic studies, we will calculate the PAF due to ambient air pollution and investigate the uncertainty of these estimates with emphasis on Chinese settings with high air pollution concentrations. The PAF describes the fraction of the disease incidence in the population that can be prevented by removing a factor. Uncertainty in the cancer burden due to ambient air pollution exposure includes uncertainty about the magnitude of RRs, the shape of the concentration-response function (linear, sublinear, supralinear, and/or a lower threshold), the effect of PM composition, and the potential effects on cancer sites other than the lung. We will discuss the impact of these factors on cancer burden.
Magnitude of the Relative Risk
In the ESCAPE study, we reported a hazard ratio (HR) for lung cancer incidence of 1.40 for a 10-μg/m 3 increase in the longterm average concentration of PM 2.5 [9] . In ESCAPE, 14 cohorts distributed throughout Europe were studied with highly standardized exposure assessment, confounder selection, and statistical analysis procedures. Air pollution was assessed at the individual address level using land use regression models, which were based upon standardized measurements of ambient particles and nitrogen oxides and geographic information systems [10] . Associations between air pollution exposure and lung cancer were first calculated per cohort, and then pooled estimates were calculated using meta-analysis techniques. One finding of the ESCAPE study was that no significant heterogeneity was found across the PM effect estimates of the 14 cohorts, which was remarkable because the cohorts differed markedly in air pollution exposure (e.g., mean PM 2.5 varied between 7 and 33 μg/m 3 ) and population characteristics (e.g., age and sex). The magnitude of the risk was at the high end of the range of the PM 2.5 RRs observed in selected large cohort studies in other locations ( Table 1 ). The RR estimate in the ESCAPE study was substantially higher than that in the ACS study (1.40 vs. 1.14). Various potential explanations for the higher estimate in the ESCAPE study compared to that in the ACS study include the following: 1) Random error (95% CI of the ESCAPE estimate includes the ACS estimate); 2) a more detailed individual exposure estimation in the ESCAPE study versus the city average exposure assignment in the ACS study that potentially resulted in less exposure measurement error in the ESCAPE study; 3) a different composition of PM; 4) differences in population sensitivity; and 5) differences between within-community (ESCAPE) versus between-community (ACS) exposure contrast. Table 1 illustrates that some studies, such as the Rome longitudinal study [13] , showed effect estimates that were smaller than those in the ACS study. A statistical test for the heterogeneity of the effect estimates in Table 1 showed high statistical significance (P < 0.01).
Nearly all studies have been conducted at PM 2.5 concentrations that are low to moderate on a global scale [18] . For the Global Burden of Disease (GBD) project, global estimates of PM 2.5 were made using a consistent methodology based upon a combination of satellite data, modeling, and surface monitoring [18] . Reported is the concentration of total suspended particles (TSP). Assumed conversion from TSP to PM 2.5 is multiplied by 0.325. × 10 km), even higher concentrations will be present at individual stations.
Studies conducted at high ambient concentrations, which are relevant for East-Asian areas, including China, are largely lacking. One prospective cohort study conducted in China reported a significant association between lung cancer and long-term PM exposure [17] . PM was assessed as total suspended particles (TSP), which includes PM 2.5 and coarse particles, e.g., wind-blown dust. The annual average TSP concentrations for the 1991-2000 study period at individual measurement stations varied between 113 and 499 μg/m 3 . The paper reports a conversion factor of 0.325 to convert TSP to PM 2.5 , which translates into annual average PM 2.5 concentrations between 37 and 162 (average 94) μg/m 3 . Overall, these concentrations have increased within China between 1990 and 2005 [18] . The RR in the Chinese cohort study was smaller than those in the American ACS and ESCAPE studies and was similar to that of the Rome longitudinal study (Table 1) . More studies are needed in settings with high ambient air pollution concentrations, such as in China, to be able to properly interpret the lower RR in the Chinese study. Factors that could play a role include the use of TSP as an exposure metric, potentially non-linear association between air pollution and lung cancer (lower slope at higher concentrations), different particle composition, and differences in population susceptibility. The conversion to PM 2.5 assumes one universal conversion factor, which may not exist [19] . Limited evidence suggests that the exposure of the general population to coarse particles in ambient air is not associated with long-term health effects (see section Particle Composition); thus, if the correlation between PM 2.5 and TSP is not high, an underestimation of RR may occur when using TSP as an exposure metric. The next section discusses evidence for the shape of the concentration-response function.
The RRs for air pollution, expressed per 10 μg/m 3 , are much smaller than those reported for active smoking. In a review of studies published prior to 2000, the combined RR for current active smokers compared to that for never-smokers was 8.3 (95% CI = 7.6-9.3) [20] . In the ACS study, the RRs for active smoking increased from 8 for subjects smoking < 7 cigarettes per day to 39 for those smoking > 42 cigarettes per day [21] .
Risk at Low and High PM 2.5 Concentrations (Concentration-Response Function)
Consistent evidence now exits for the association between lung cancer and PM 2.5 concentrations between approximately 10 and 30 µg/m 3 [4] . However, open questions about the shape of the concentration-response function at low and high concentrations still exist. The World Health Organization (WHO) has recently evaluated the evidence on the shape of the concentration-response function for long-term effects of air pollution [8] , and the review concluded that no evidence for a lower threshold for overall mortality exists. Several major cohort studies have evaluated the concentrationresponse functions for PM 2.5 and lung cancer within the concentration range in their cohorts [7, 9, 11, 13, 22] . In the ESCAPE study, associations between PM 2.5 and lung cancer incidence did not deviate significantly from linear, as judged from non-parametric spline models [9] . Subset analyses further demonstrated that PM 2.5 associations with lung cancer remained after excluding concentrations above 10 μg/ m 3 . Across all cohorts, average PM [9] . In the Six-city study, associations between PM 2.5 and lung cancer mortality did not deviate from linear and did not show a threshold, and associations were observed between 11 and 24 μg/m 3 [11] . In the ACS study, associations between PM 2.5 and lung cancer mortality were supra-linear with a steeper slope of a non-parametric function in the concentration range of approximately 8 to 15 μg/m 3 compared with the slope in the 15 to 25 μg/m 3 range [7] . In a recent evaluation of the never-smoker population in the ACS study, a categorical analysis showed significantly increased HRs for all PM 2.5 concentration categories compared to the lowest category; the cutpoints of evaluated categories were 11.8 (reference), 14.3, 16.0, and 17.9 µg/ m 3 [22] . The Rome longitudinal cohort study reported no deviation from linear for the association between PM 2.5 and lung cancer mortality compared to non-parametric splines in a concentration range of 7 to 31 μg/m 3 [13] . Hystad et al. [23] reported increased HRs in a case-control study comparing all exposure categories to the reference category, but the HRs did not show a trend in the concentration range between 4 and 20 μg/m 3 , in contrast to the findings of Turner's study [22] , Overall, there is no evidence for a lower threshold being present in the associations of PM 2.5 with lung cancer. Studies have generally found linear associations or functions with a steeper slope at low concentrations. However, the demonstration of a linear association within a study does not imply that the association remains linear beyond the studied range of exposure. No solid evidence on the shape of the concentration-response function above approximately 30 µg/m 3 exists, which is a limitation for calculating the burden of disease in countries with high concentrations [5] . In a previous risk assessment, various alternatives have been evaluated for linear extrapolation, including truncation of the RR at concentrations of 30 or 50 µg/m 3 (assuming a linear function at up to 30 µg/m 3 with no further risk increase at concentrations beyond 30 µg/m 3 ) and a log concentration model [5] . To address this limitation, the epidemiologic literature of associations of lung cancer mortality with ambient air pollution, passive smoking, and active smoking was combined with the assumption that risks can be combined using the PM 2.5 concentration as the exposure metric [21] . The analysis, including PM 2.5 from outdoor air and passive and active smoking data from the ACS study, suggested a linear association with lung cancer across a wide range of concentrations that exceeded those observed in highly polluted areas in China [21] . Recently, Burnett et al. [19] updated this analysis in the framework of the GBD assessment by including more epidemiologic studies on ambient air pollution, more studies on passive smoking (assumed average PM 2.5 concentration of 35 µg/ m 3 ), and studies on household solid fuel combustion. An integrated concentration-response function fitted to all data provided a better fit to the range of concentrations than other previously used models [19] . For lung cancer, the linear model fitted the data much better than the truncated risk models, suggesting that risk did increase with increasing concentrations. The linear model fitted only modestly worse for lung cancer than the log concentration model. Because the coefficients of the integrated function were not provided, we could not use this function to calculate the RR for high concentrations. As discussed by Burnett et al. [19] , combining data from different exposure sources requires substantial assumptions, which stresses the need for more studies in high exposure regions such as China to better establish the risk magnitude. When calculating PAF, we used linear extrapolation for approximation, which was consistent with a recent global assessment using satellite PM 2.5 data [6] .
Population Attributable Risk Fraction
Using the reported RR, we can calculate PAF, which is the fraction of incident lung cancer cases that can be prevented if the PM 2.5 concentration is reduced for the entire population. To provide a realistic context, it is not useful to calculate the impact of reducing pollution to 0. In the GBD calculations, counterfactual concentrations of 7.5 µg/m 3 [5] and 5.8-8.8 µg/m 3 [19] were used based upon the lowest concentration observed in the ACS study.
We calculated the impact of changes in the annual average concentrations of 10, 20, 30, and 60 µg/m 3 . The last change is approximately equivalent to reducing the PM 2.5 concentration from the average concentration of 94 µg/m 3 calculated in Cao's study [17] to the least stringent interim target value of 35 µg/m 3 set by the WHO [8] . A 10-µg/m 3 reduction is approximately equivalent to reducing the current daily PM 2.5 concentrations in large European areas to the counterfactual level, which would represent a major change. To achieve all of these reductions would require major policy efforts.
We used the formula PAF = P e × (RR -1) / (P e × (RR -1) + 1), with P e being the prevalence of exposure in the population [24] . For a discussion on the calculation and interpretation of PAF, we refer to a commentary in the American Journal of Public Health [24] . A specific feature of air pollution exposure is that the entire population is exposed, i.e., P e = 1. Our formula is then reduced to PAF = (RR-1) / RR. This formula was also used in the GBD calculation [6, 19] . Once emitted, PM 2.5 can travel long distances in the atmosphere, leading to widespread exposure. Furthermore, PM 2.5 infiltrate readily into homes and offices, which offer little protection. However, this does not imply that air pollution exposure is homogenous within a population. PM 2.5 concentrations vary significantly within and between countries [18] . The variability of concentrations does not affect our calculations because we calculated the PAF for specific reductions and we assume linear concentration-response functions. Table 2 presents the calculated PAFs for the four reduction scenarios and various RR estimates from the literature. For a 10-µg/m 3 reduction in the PM 2.5 concentration, we calculated PAFs of between 3% and 29%. Note that the PAF changed less than linearly with the value of the PM reduction. For the largest reduction, PAFs between 16% and 86% were calculated. These calculations illustrate that reduction of pollution may result in substantial reductions in lung cancer mortality and significant uncertainty regarding the magnitude of the reduction related to the RR estimate. The uncertainty illustrated in Table 2 does not incorporate the uncertainty about the shape of the concentration-response function at high concentrations. To reduce this uncertainty, more studies in countries with high air pollution concentrations are needed.
Although a possible interaction between smoking and air pollution in the causation of lung cancer may imply that the sum of the PAFs may exceed 100% [25] , the highest estimated PAF seemed unrealistically high compared to the known major contribution of smoking to lung cancer cases. In a study using satellite PM 2.5 data from 132 countries, the RR estimate of 1.14 from the ACS study, and linear extrapolation, the PAF for lung cancer was estimated as 13% (95% CI = 6%-19%) [6] . Applying a model with the logarithm of the concentration as the exposure metric resulted in 6% lower estimates compared with the linear model. The difference between the estimates based upon the linear and log models increased for average concentrations above approximately 40 µg/m 3 . Burnett et al. [19] reported country average PAFs for lung cancer between 0 and 25% based upon estimated average PM 2.5 concentrations between 2 and 70 µg/m 3 and a non-linear integrated concentration-response function based upon combining evidence from ambient air pollution and smoking. Furthermore, a substantial number of PAF estimates were between 10% and 20%. Our estimates and the recent global estimates are substantially higher than earlier estimates of, at most, a few percent [25] . In the recent decade, new studies have significantly strengthened the evidence for an association between ambient air pollution and lung cancer.
In the current assessment, we have assumed that the RR estimates associated with air pollution are equal for smokers and non-smokers. Because the incidence of lung cancer is much higher in smokers, this assumption implies that a large proportion of the calculated absolute population burden of lung cancer is related to air pollution effects in smokers.
Particle Composition
In the ESCAPE study, we evaluated a large set of air pollutants. The most significant associations were found with the mass-based concentrations of PM 2.5 and PM 10 [9] . The gaseous pollutant nitrogen dioxide (NO 2 ) and the absorbance of PM 2.5 (a marker for black carbon) were less significantly associated with lung cancer risk. In the ESCAPE study setting, motorized traffic was the dominant source of NO 2 and black carbon in particles. The concentrations of PM 2.5 and PM 10 were affected by a wider range of sources, including motorized traffic. Collectively, these observations suggest that the ESCAPE findings are explained by more than just pollutants emitted from motorized traffic. A similar conclusion was drawn in the ESCAPE paper on natural cause mortality in which associations were also most significant with PM 2.5 [26] . In China, coal combustion is more prevalent than in Europe, and a recent paper illustrated the importance of smoky coal in explaining high lung cancer incidence in Xuanwei, China [27] . Because PM 2.5 is a significant fraction of PM 10 and was highly correlated with PM 10 in the ESCAPE study, we could not study the effects of PM 2.5 independent from PM 10 . However, we did study the independent effects of fine (PM 2.5 ) and coarse (PM 10 -PM 2.5 ) particles. In single-pollutant models, the RR for PM 2.5 was higher than that for coarse particles (1.18 vs. 1.09 per 5 μg/m 3 ). When PM 2.5 and coarse particles were added in one model, the RR for PM 2.5 remained essentially unchanged (RR = 1.25, 95% CI = 0.97-1.61), whereas the effect for coarse particles was further reduced, which suggests that especially PM 2.5 determines the lung cancer risk. This interpretation could be explained by combustion particles from various sources contributing to cancer. In the ACS study, lung cancer was associated with PM 2.5 , but not with coarse particles [7] . Effect estimates for coarse particles were essentially null. Although the number of studies that evaluated the effects of longterm exposure to coarse particles on lung cancer is still limited, and we should not draw strong conclusions, the lack of clear associations between coarse particles and lung cancer is consistent with the lack of an association with natural cause and cardiovascular mortality [28] . In contrast, short-term exposure to coarse particles has been associated with increased incidence and mortality [29] . The use of PM 2.5 and PM 10 as particle metrics in studies of health effects relies on an assumption that the composition of the particles does not play an important role, which seems unlikely and may especially be problematic when associations are compared across settings with different sources contributing to PMs. Further work on the components of PMs that determine lung cancer risk is important for guiding effective air quality policies. Candidates for causal agents in the development of lung cancer, including polycyclic aromatic hydrocarbons (PAH), N-nitroso compounds [9] , and transition metals that have been linked to oxidative stress, should be further investigated.
Other Cancer Sites
From the beginning of this research field, diseases of the respiratory system have been a natural focus for studies on air pollution and health. However, during the last decades, associations of air pollution with adverse effects related to the cardiovascular system have been established, and other types of diseases are now being investigated for possible associations with air pollution [30, 31] . Because the postulated mechanism of air pollutants involves systemic oxidative stress and inflammation, systemic effects are plausible. It is, therefore, possible that air pollution is affecting cancers other than lung cancer. Although an insufficient number of studies using state-of-the-art exposure assessment have evaluated cancers other than lung cancer, some evidence from epidemiologic studies assessing occupational and residential exposure suggests an association between air pollution and bladder cancer [32, 33] . Other cancers in adults for which associations have been suggested, but with less evidence, include brain tumors [33, 34] , liver cancer [33] , breast cancer [33, 35, 36] , gastric cancer [37] , and hematologic cancers [38] . Studies on childhood cancer are inconsistent, although some large studies indicate a slightly increased risk of acute lymphoblastic leukemia [39, 40] .
Histological Subtype
In the United States, a relative increase in the incidence of lung adenocarcinoma and decrease in the incidence of lung squamous cell carcinoma have been observed [25, 41] . Additionally, the distribution of histological subtypes of lung cancer differs between smokers and non-smokers, with adenocarcinoma being the only of the major subtypes that also develops in a substantial number of nonsmokers. These observations, combined with the apparently stronger association of air pollution with lung adenocarcinoma than with lung squamous cell carcinoma in the ESCAPE study, calls for further studies of air pollution and histological subtypes of lung cancer.
Interaction with Smoking
In the ESCAPE study, we did not find significant differences in the associations between PM exposure and lung cancer risk for subgroups defined by sex, age, diet, and smoking status. However, the power to detect significant differences between subgroups was limited. Further work based on a large study would, therefore, be useful.
In particular, studies on the interaction between smoking and PM air pollution seem warranted. Several studies have shown stronger associations between PM air pollution and risk for lung cancer among non-smokers compared with smokers, and the possible mechanisms for such an interaction might include differences in lung deposition and competition for metabolic activation [42] . Furthermore, interactions with a clear distinction between RR and absolute risks for lung cancer should be studied. Even a higher RR for lung cancer in association with air pollution among never-smokers could imply fewer (absolute) cases of lung cancer than a lower (although increased) RR among smokers, simply because the basic lung cancer incidence is much higher among smokers.
Conclusions
Air pollution has been consistently associated with lung cancer in epidemiologic studies. The RRs for ambient air pollution are much smaller than those for active smoking; however, air pollution affects the entire population. A reduction in PM 2.5 air pollution concentrations will result in substantial reductions in the number of lung cancer cases in the population. The magnitude of PAF is uncertain because of uncertainties in the magnitude of RRs, the shape of the concentration-response function, especially at high concentrations, and differences in particle composition. Therefore, new epidemiologic studies, especially in high pollution settings, are useful. To fully assess the cancer burden of exposure to ambient air pollution, other cancer sites should be investigated.
